In the last few decades, renewable energy sources (RESs) have been integrated into the electrical grid in order to curb the deficiency of energy owing to, among other factors, the depletion of fossil fuels and the increasing awareness of climate change. However, the stochastic nature of these sources, along with changes in levels of energy consumption, signifies that attention now needs to be paid for energy storage systems (ESSs). One of the most promising RESs is concentration photovoltaic (CPV) energy, owing to the high efficiency obtained and its sustainability regarding environmental issues. However, as CPV systems work only with direct solar radiation, they require ESSs in order to smooth the variations in the energy generated. This paper deals with the integration into the grid of a CPV plant that employs a hybrid ESS (HESS) based on ultracapacitors and batteries. The HESS allows the complete system to inject a constant active power level into the grid and thus flatten the profile of the energy generated. This goal is achieved by using a power electronic topology based on various DC-DC converters and a DC-AC converter, both of which share the same DC link. The control system is tailored in order to decouple the active-power and the reactive-power injections. Simulation results obtained using PSCAD/EMTDC (Power System Computer Aided Design/Electromagnetic Transient Direct Current) show the resulting performance of a 200 kW CPV plant with a hybrid ESS.
Introduction
Electricity generation making use of renewable energy sources (RESs) has a huge potential as a clean means to produce energy [1] . Nevertheless, it also behaves in a variable and discontinuous manner [2] that is usually difficult to predict, particularly in the long term. The electrical grid system is not able to store large quantities of energy by itself, and stable operation can, therefore, only be achieved by matching generation with demand [3] . Large amounts of unscheduled power fluctuation owing to RESs have become an important and challenging issue for grid operators, and it might consequently not be possible to inject all the energy generated by renewable sources into the grid [4] .
Energy storage systems (ESSs) have the ability to absorb the power variations inherent to RESs [5] and can, therefore, smooth the RES power profile injected into the grid. In this context, ESSs are gaining relevance and becoming an enabling technology by which to drive the transition from a traditional and centralized energy model with a high dependence on fossil fuels towards a new paradigm based on distributed generation systems (DGSs), with an increasing presence of renewable energies, without compromising the reliability and stability of the overall electrical system. the CPV plant using a hierarchical topology with nested control structures. Unlike other references, which employ open-loop schemes for the energy management system, a control-loop scheme is used in this work. This scheme guarantees that the active power injected into the grid by the CPV plant is equal to the set-point value in steady state. Furthermore, a low-pass filter with an additional delay is used to reduce the supply or absorption of power by the batteries in situations of high peaks of power. The ancillary service of the injection of reactive power into the grid by the CPV plant is also considered in this paper.
The paper is organized as follows. The configuration of the CPV plant is presented in Section 2, along with the models of the ESS elements. The energy management for the ESS and the topology of the complete control system are explained in Section 3, including the various control subsystems, which are the control schemes of the batteries and the ultracapacitors, the control system of the voltage of the DC-link, and the controller for the grid-connected converter. Comprehensive simulation results of a 200 MW CPV power plant obtained with PSCAD/EMTDC are presented in Section 4. Finally, Section 5 gives the main conclusions of this work.
Configuration of the CPV Plant with a Hybrid Energy Storage System
The grid-connected CPV plant considered in this paper contains a general number of n trackers (CPV 1 , CPV 2 , . . . , CPV n ) connected to the point of common coupling (PCC), and each tracker is associated with a HESS composed of ultracapacitors and batteries. Figure 1 shows the general scheme of each individual tracker. There are several possibilities for the HESS topology: the simplest solution is to connect the batteries and the ultracapacitors in parallel, but its main drawback is the poor use of the energy stored in the ultracapacitors, owing to the low-rated value of the battery voltage. The performance of a HESS is normally improved by means of power electronic converters, as these decouple the operation of each storage element [21] . Figure 2 shows the detailed configuration of the proposed HESS for each one of the CPV trackers of the PV plant. It consists of the CPV modules, a grid-connected converter and the HESS system, which is composed of a set of batteries and a bank of ultracapacitors. All the converters share the capacitor C bus , whose voltage is maintained at a necessary level by an appropriate control scheme for the correct operation of the complete system. This capacitor is usually called the DC-link, as all the converters are connected to it. The CPV converter is a boost unidirectional converter, and its goal is to maximise the power generated by the CPV modules by modifying the operating point. The converter must, therefore, include the functionality of maximum power point tracking (MPPT).
The grid-connected converter is a two-level voltage source converter (VSC), which is responsible for injecting the active power generated and compensating for the necessary reactive power. In this work, the VSC is connected to the grid via an inductive filter (L g − R g ), owing to its simplicity, although there are other alternatives, such as the use of inductive-capacitive-inductive (LCL) filters [22] .
Two half-bridge bidirectional converters allow the batteries and the ultracapacitors to exchange power with the grid and the CPV modules. These converters maintain the output voltage, while the output current can flow in both directions. This means that the batteries and the ultracapacitors can either generate or store energy [23] . Furthermore, the batteries and the ultracapacitors are connected to their respective converters by means of inductive filters; that is, L b − R b for the batteries and L uc − R uc for the ultracapacitors.
It should be noted that the power electronic converters are operated with a sufficiently high switching frequency, which implies that they can be considered as linear amplifiers [24, 25] .
Model of the CPV Modules
Although the main objective of this work is not to focus on the CPV module or its associated DC/DC converter, it is useful to know the main features and a basic model of the CPV modules.
The model of the PV cell is well known and is usually based on the model of a single diode [26] . CPV systems normally use multi-junction cells and optical lenses to concentrate sunbeams onto the PV cell in order to increase efficiency, although their model can also be analogous to the conventional solar cells. The electrical behaviour of a CPV module can, therefore, be approximated by the solar cell with series and shunt resistance [27] , which is shown in Figure 3 : a forward-biased diode with an ideality factor m models the recombination of electrons inside the cell and is connected in parallel with the current generator I ph , which is the photogenerated current. The voltage and the current generated by the CPV module are V pv and I pv , respectively, whereas the resistances R p and R s model the electrical losses. The output current of the CPV module can be calculated as I pv = I ph − I d − I R p , where the diode current is calculated as follows:
where I osc is the dark current of the diode, K is the Boltzman constant, T is the temperature and q is the electron charge. The current through the resistance R p is
As the operating point of the CPV module is usually set close to the maximum power point (MPP) by the CPV converter [28] , and because the PV generator can be seen as a current source with limited output voltage and power [29] , the CPV modules and the CPV converter are modelled as a current source in the remainder of the paper.
Model of the Batteries
Batteries based on lead-acid technology are usually employed in PV applications owing to several factors: this is a mature technology with a high degree of reliability, and the weight and the volume are not critical constraints in PV plants.
A variety of electrical equivalent circuits can emulate the performance of lead-acid batteries. The Thévenin model provides a good equilibrium between the degree of complexity and high accuracy in short time periods and during transients [30] . Several combinations of resistances and capacitors can be considered. However, a single resistive-capacitive (RC) branch can be assumed to be sufficiently accurate, as shown in Figure 4 . Thus, R b p represents the chemical resistance of the battery, and C b p represents the accumulative effect of the charging process. An internal series resistance R b s with which to connect one cell to another also needs to be taken into account. These values are, to some extent, dependent on the state of charge (SOC) and on the temperature of the battery. The SOC expresses the percentage of energy that the battery has accumulated. The open-circuit voltage V OC , which can be measured in the battery when no load is connected, is the first parameter that changes according to the SOC, supplying a different output voltage while it is charging or discharging. This is the internal voltage that the battery has at any time owing to the energy stored with the internal chemical reactions. According to Figure 4 , the transfer function of the impedance of the battery can be obtained as
where V b (s) and I b (s) are the output voltage and the output current of the battery, respectively. Furthermore, the state-variable model of the connection filter of the bank of batteries can, as shown in Figure 2 , be written as
where the parameters L b and R b are the inductance and the stray resistance, respectively, of the connection filter between the bank of batteries and the DC-DC converter, and v c b is the output voltage of the DC-DC converter. Equation (4) can alternatively be written in the Laplace domain as
Although the model presented in this paper does not take the battery degradation into account, previous works have proposed a dynamic degradation model that can be used to prolong the service life of the battery [19] .
Model of the Ultracapacitors
The capacity of ultracapacitors is much higher than that of conventional capacitors owing to the fact that their electrodes are made of a porous material, which provides an effective surface that is larger than that of classical capacitors.
Several models can be used to describe the dynamical behaviour of an ultracapacitor, as explained in [31, 32] . Of these, the simplest approach is the first-order RC model shown in Figure 5 , which contains an equivalent series resistance R ucs , the capacitance C uc and a parallel resistance R ucp that models the self-discharge of the ultracapacitor. Unlike conventional capacitors, in the case of ultracapacitors, their capacitance depends on the voltage applied [33] . The transfer function of the impedance of the ultracapacitor can be calculated as (6) where I uc (s) is the current through the ultracapacitors and V uc (s) is voltage across the ultracapacitors. As in the case of the batteries, the current I uc (s) can be obtained in the Laplace domain as follows (see Figure 2 ):
where the parameters L uc and R uc are the inductance and the stray resistance, respectively, of the connection filter between the bank of ultracapacitors and the DC-DC converter, and V c uc is the converter output voltage.
Model of the Grid-Connected Converter
The single-phase equivalent circuit of the grid-connected converter plotted in Figure 2 is shown in Figure 6 , in which the VSC is connected to the grid via an inductive filter and is modelled as an ideal voltage source u. The parameters L g and R g represent the inductance and the stray resistance, respectively, of the grid-connection filter, while i g is the current injected into the grid and v g is the grid voltage at the PCC. In accordance with Figure 6 , and if a three-leg converter is used, the state-variable model of the complete three-phase system {A, B, C} is
Furthermore, the use of Park's transformation enables the state-variable model of the inductive filter to be expressed in a reference frame that rotates at the fundamental frequency ω 1 and is usually called the synchronous reference frame (SRF). The use of the SRF allows the q component of the grid voltage to be zero and the sinusoidal magnitudes to become DC variables [34] . The following state-variable model of the grid-connected converter is obtained when the SRF is employed [35] : Although the state-variable model (Equation (9)) is coupled, a decoupled equivalent system can be obtained for control purposes, as explained in [34] . Furthermore, if an invariant-power Park's transformation is chosen, the active power, p g , and the reactive power, q g , injected into the grid can be calculated in the SRF as follows:
Model of the DC-Link
The power generated by the CPV system p cpv must be equal to the power injected into the grid, p g , plus the power exchanged with the batteries p b , ultracapacitors p uc and the capacitor C bus of the DC-link, p C bus , plus the power losses p loss owing to the connection filters and the losses of the semiconductors. This can be written as
It should be noted that a positive sign of the power indicates that the power flows into the device, that is, the batteries, grid, and so forth, whereas a negative sign refers to the power being extracted from the device. Moreover, the sum of the power of the batteries and that of the ultracapacitors is the power of the ESS p st , and the power of the DC-link capacitor can be calculated as
where i C bus is the current injected into the DC-link capacitor and v C bus is the voltage of the DC-link. If the voltage v C bus remains constant, the DC-link does not absorb or generate power, as shown in Equation (13) , and all the power generated by the CPV panels will, therefore, be transferred to the grid and the energy storage elements, that is, the batteries and the ultracapacitors.
Energy Management and Topology of the Control System
In this paper, the objective of the energy management system is to maintain a constant profile of the power injected into the grid, thus avoiding the inherent variations of the CPV panels. Furthermore, during the initial and final time intervals of energy generation, the power profile will be programmed with a ramp: the power injected will be increased at the beginning, whereas the power injected into the grid will decrease at the end of the generation interval. This is the behaviour of conventional PV panels, in which the power output increases in the early morning and decreases in the late afternoon.
Moreover, the control system is able to compensate for the reactive power according to, for example, the requirements of the grid operator.
We let P * g and Q * g be the references of the active and reactive powers that the CPV plant exchanges with the grid. If n cpv is the number of trackers of the CPV plant, the references of the active and reactive powers between each tracker and the grid can therefore be obtained as p * g = P * g /n cpv and q * g = Q * g /n cpv , respectively. The reference for the power of the ESS, p * st , can be obtained through the implementation of several solutions. One of the most extended methods involves calculating this reference as p * st = p * g − p cpv [12, 36] . This solution is very simple and is based on an open-loop scheme. However, the power losses of the connection filters are not taken into account, and differences can be expected between the reference of the active power and the true value.
In this paper, we propose to resolve this issue through the use of a solution based on a closed-loop configuration, as shown in Figure 7 . Figure 7 . Closed-loop scheme for the control of the active power injected into the grid.
This closed-loop configuration employs an integral action R p g (s), which guarantees zero-tracking error in steady state for step changes in the set point, that is, when the input p * g is constant, with the transfer function:
The design of Equation (14) must be carried out in such a way that the dynamics of p g are much slower than the dynamics of the control loop of the ESS. This assumption implies that the ESS dynamics can be approximated by unity when compared with the dynamics of the output system p g , which implies that p st ≈ p * st . Furthermore, as the power of the CPV system p cpv is a disturbance that can be measured, a feed-forward action of p cpv is added to completely compensate for its effect, as shown in Figure 7 . The power injected into the grid can, therefore, be obtained as
Equation (15) shows that p g (0) = p * g (0); that is, the output is equal to the reference when the reference is constant. Moreover, the closed-loop system is a first-order system that is stable for any negative value of k p g and is not dependent on the disturbance p cpv .
The complete control structure is a hierarchical control scheme, for which the configuration plotted in Figure 7 is the top-level scheme. Having presented this scheme, we now go on to explain the remaining control schemes.
Control System of the ESS
The reference for the power of the ESS, p * st , must be split into the reference for the power of the batteries p * b and the reference for the power of the ultracapacitors p * uc , that is, p * st = p * b + p * uc . It is well known that the energy generated by solar panels contains a low-frequency component and high-frequency oscillations associated with the intermittent solar irradiance [12] . The batteries should, therefore, be used to deal with the low-frequency component, whereas the ultracapacitors should provide and absorb the transient power peaks [16] . This can be achieved by using a low-pass filter H st (s), which separates the low-frequency component associated with the batteries from the high-frequency component related to the ultracapacitor bank, as shown in Figure 8 . The filter used to generate p * b is usually a first-order low-pass filter [12] , which can smooth the power profile required for the batteries. However, in some cases, the initial value of the power of the ESS may be very high, and a first-order filter is not sufficient to limit that initial value. In this paper, a second-order filter to the power of n f is proposed (n f being a positive integer greater than 1). This filter establishes a delay in its time response, thus avoiding the supply or absorption of power by the batteries; instead of this, the ultracapacitors deal with the power required. The filter is, therefore, defined as H st (s) = H 2 (s) n f , and, as an example, Figure 9 shows a comparison of a first-order low-pass filter with the solution proposed in this paper, for which a second-order filter with n f = 3 is used. It is noted that this solution establishes an initial delay of approximately 3.5 s and that the time response is smoother than that obtained with the first-order approach. Step responses for the power reference for the batteries p The converters associated with the batteries and the ultracapacitors are controlled using a current-control loop. Under the assumption that the voltages of the batteries and the ultracapacitors change very slowly when compared to their respective currents, the references for the currents of the batteries and the ultracapacitors can, therefore, be calculated as follows:
These references are subsequently compared with the measured currents, that is, I b (s) and I uc (s), and the differences are driven to two PI-type regulators, as shown in Figure 10 . Furthermore, a feed-forward action is used in order to cancel out the effect of the voltages of the batteries and the ultracapacitors in their respective control systems. Finally, each control system generates the reference required for the output voltage of the respective DC-DC converter. This voltage reference is employed in a pulse-width modulation (PWM) scheme to generate the firing signal of the converter.
As shown in Figure 10a ,b, and taking into account Equations (5) and (7), the following closed-loop transfer functions are obtained for the control of the current of the batteries and the current of the ultracapacitors:
Moreover, as p st (s) = p b (s) + p uc (s), the total energy of the storage system can be written as
. If the control system is designed in such a way that
In this situation, the closed-loop transfer function of the ESS plotted in Figure 7 is, therefore,
To PWM Scheme
To PWM Scheme (b) Figure 10 . Control scheme of the DC-DC converters associated with (a) the batteries, and (b) the ultracapacitors.
Control System of the Voltage of the DC-Link and the Grid-Connected Converter
The voltage of the DC-link can be written by combining Equations (12) and (13) as
Equation (20) shows that the voltage of the DC-link can be controlled by regulating the d component of the grid current, i g d , or the power of the ESS, p st , as the other terms in the equation are disturbances that cannot be used for control purposes. Because the power p st is employed to control the active power injected into the grid, as can be seen in Figure 7 , the current i g d is used to control the voltage value of the DC-link, and the output of the regulator of this voltage is therefore the reference value for the current i g d , that is, i * g d . The reactive power exchanged with the grid can, according to Equation (11), also be controlled by modifying the q component of the grid current, i g q . This signifies that if the reference of the reactive power injected into the grid is q * g , the reference value for the current i g q can be calculated as i * g q = −q * g /v g d . The control of the voltage of the DC-link and the reactive power exchanged with the grid therefore requires an appropriate closed-loop control for the currents i g d and i g q . This control structure is designed by taking into account the state-space model (Equation (9)), which is coupled, as mentioned in Section 2.4. In order to tackle this problem, the following decoupled model can be achieved after some calculations (see reference [34] for more details):
where w d and w q are fictitious variables used to decouple the model given by Equation (9) . The variables u d and u q are calculated by using w d , w q , i g d and i g q according to the following decoupling equation:
As the quantities to be controlled are DC magnitudes, one of the most popular control laws for the grid current is the PI regulator. The transfer function of this regulator R i g (s) is designed according to Equation (21) and can be written for d and q components as follows:
where the controller outputs are the d − q components W d (s) and W q (s); k i ig and k p ig are the integral and proportional gains, respectively. Similarly, the controller for the voltage of the DC-link, R v C bus (s), is also a PI regulator and is tailored in accordance with Equation (20) . The control law for R v C bus (s) can be defined as
where V * C bus (s) is the reference value for the DC-link voltage, and k i v C and k p v C are the integral and proportional gains of R v C bus (s), respectively. Figure 11 shows the block diagram of the control scheme of the voltage of the DC-link and the grid-connected converter, for which the superscript * represents the reference values. The output of the regulator R v C bus (s) is the reference of the d component of the grid current, while the controllers R i g (s) provide the variables w d and w q needed to control the d − q components of the current injected into the grid. The decoupling Equation (22) is used to obtain the converter voltage in the SRF, and, after the inverse Park's transformation, the three-phase voltages of the converter are calculated and driven to a sinusoidal PWM scheme in order to generate the firing signals for the switches of the converter. 
Simulation Results
A CPV power plant that contains various trackers such as that depicted in Figure 1 has been simulated using PSCAD/EMTDC. The CPV plant contained 10 identical trackers with hybrid energy storage units, that is, n = 10. Each tracker was able to generate a maximum power of 25 kW, and the objective was the constant injection into the grid of p * g = 20 kW per tracker combined with its HESS, which implies that the total power injected into the grid by the CPV power plant was n · p * g = 200 kW. Furthermore, and as is explained in Section 3, in the initial period of the simulation, a linear increase in the power injected into the grid by each tracker-HESS unit with a slope of 1/3 kW·s −1 was scheduled; that is, the reference value of 20 kW was attained after 60 s, while an equivalent linear decrease with a slope of −1/3 kW · s −1 was scheduled at the instant t = 1350 s. In addition, the injection of reactive power with a maximum value of 5 kVAr per tracker was also scheduled in the time interval 700 s ≤ t ≤ 1000 s.
The CPV power plant was connected to a 13.8 kV distribution grid by means of the primary side of a three-phase transformer with a winding ratio of 400 V/13.8 kV and a star/delta connection. Each HESS was composed of 12 batteries connected in series, with a capacity of 100 Ah and rated voltage of 12 V, and a 47 F ultracapacitor with a rated voltage of 200 V. The initial voltages of the ultracapacitors were set to 150 V.
The power converters implemented in the test employed insulated-gate bipolar transistor (IGBT) switches operated by proper PWM algorithms. Although this option implies that the simulation took place over a longer execution time, it was preferred to the use of average models of the converters, as the switching behaviour could be analysed.
The total simulation time was 1500 s. The main parameters of the simulated CPV plant are summarised in Table 1 . 
Converters of Batteries and Ultracapacitors One-leg bidirectional DC-DC converters
Switching frequency: 10 kHz
All the control systems have been designed using the root-locus technique according to the desired poles of the different closed-loop systems. Although there are several design criteria, the poles of the closed-loop systems have been chosen as real values in order to avoid underdamped time responses [37] , and they have been placed at the following locations:
• Control system of the active power injected into the grid (Figure 7 ). The pole is placed at s = −2 rad/s. • Control scheme of the DC-DC converters associated with the batteries and the ultracapacitors (Figure 10a,b) . The poles of the resulting closed-loop system are located at s 1 = s 2 = −1000 rad/s in both control systems.
• Control scheme of the d − q components of the current injected into the grid (Figure 11 ). The poles are located at s 1 = s 2 = −1000 rad/s. • Control scheme of the voltage of the DC-link (Figure 11 ). In this case, the resulting time response of the closed-loop system must be slower than the response of the inner control loop, that is, the control of the current injected into the grid. The chosen poles are, therefore, placed at s 1 = −100 rad/s and s 2 = −20 rad/s.
Furthermore, the transfer function of the filter H st employed in Figure 8 is
which is the same as the transfer function used in Figure 9 .
All the CPV generators have been modelled as current sources with limited output voltage and power, as described in Section 2.1. Table 2 shows different values of the current generated for each CPV generator, which have been simulated over time to emulate various levels of solar radiation, including the case of clouds passing over the CPV plant, which implies that zero current is generated. These values are very similar, as it is assumed that all 10 CPV generators of the PV plant are identical, and slight differences are, therefore, justified with the same amount of solar radiation. Because the voltage of the DC-link is controlled in order to maintain a value of 750 V (as detailed in Table 1 ), the power generated by each CPV panel can be obtained by multiplying its respective generated current by the DC-link voltage. These powers are shown in Table 3 and in Figure 12 : the values of the powers generated change greatly as a consequence of the changes in solar radiation. The time interval 800 s ≤ t ≤ 900 s is particularly noteworthy, as the power generated by all the trackers is zero owing to the fact that, for example, several clouds can block direct solar radiation. Figure 13 shows the active powers generated by the 10 trackers and their associated HESS of the CPV plant: in accordance with the control scheme depicted in Figure 7 , each tracker-HESS set generates 20 kW in steady state, which is equal to the reference value of the active power, that is, p * g = 20 kW. The control scheme plotted in Figure 7 is, therefore, able to attain zero tracking error for constant set-points, as demonstrated in Equation (15) . Furthermore, small transients occur when the active powers generated by all the trackers are zero in the time interval 800 s ≤ t ≤ 900 s and are quickly compensated for by the control system, as shown in Figure 7 . The total active power injected into the grid by the CPV plant is shown in Figure 14 : the steady-state value is 200 kW, which is the sum of all the individual contributions of the active powers generated by the 10 tracker-HESS units plotted in Figure 13 . Moreover, the total reactive power injected into the grid by the CPV plant is plotted in Figure 15 : the value injected is around 50 kVAr, and both the active and the reactive powers are completely decoupled, as shown in Figures 14 and 15 . The results plotted in Figures 13 and 14 show that the power injected into the grid has a smooth profile owing to the use of the HESS: Figure 16 shows how the 10 HESSs are able to absorb the high variations of the powers generated by the 10 CPV trackers, as plotted in Figure 12 , in order to obtain the grid-power profile shown in Figure 14 . These results also show that the control system depicted in Figure 7 performs effectively. Figure 17 shows the power generated or absorbed by the ultracapacitors, whereas the power generated or absorbed by the banks of batteries is plotted in Figure 18 . According to the transfer function of the filter H st in Equation (26) and the scheme shown in Figure 8 , the time responses of the ultracapacitor powers have rapid variations, including transients, which implies high-frequency components, while the power profile of the batteries contains low-frequency components, with slow variations in the power. The currents through the ultracapacitors are plotted in Figure 19 , while the voltages of the ultracapacitors are shown in Figure 20 . The control of the currents through the ultracapacitors is implemented using the control scheme shown in Figure 10b . The ultracapacitors are able to provide high-peak currents in short periods of time in order to accomplish the power-profile requirements. When the currents are negative, the voltages of the ultracapacitors decrease as they are delivering energy, whereas when the currents are positive, the voltages increase, as the ultracapacitors store energy. It should be noted that the currents through the ultracapacitors and also the powers are zero in steady state (see Figures 17 and 19 ). Furthermore, the discharge level of the ultracapacitors can be even higher than 50% with regard to the initial voltage value, that is, 150 V, as shown in Figure 20 . Similar results can be seen in Figures 21 and 22 , in which the current through the battery banks and the voltages of the batteries banks, respectively, are plotted; in this case the currents are calculated according to the control configuration depicted in Figure 10a , and their peak values are smaller than in the case of the ultracapacitors. Moreover, slower variations take place. Once the steady state of the time response of the filter H st has been attained and the currents provided by the ultracapacitors are zero, the batteries provide all the current required by the storage system. Furthermore, as the energy density of the batteries is higher than that of the ultracapacitors, the discharge levels of the batteries are greatly reduced in the simulation period when compared to those of the ultracapacitors (see Figures 20 and 22 to observe the differences). 
Performance of the Control System
Previous results show that the control system deals with the variations of the powers generated by the CPV panels throughout time in order to maintain a constant power profile injected into the grid. The simulations are mainly focused on the steady-state response; however the transient response must be analysed. Figure 23 shows the results obtained with the control system depicted in Figure 7 : at the instant t = 400 s, the power generated by the CPV panels, p cpv , changes from 15 to 24.75 kW, as shown in Figure 23a . The control system keeps the value of the power injected into the grid at the reference value, that is, 20 kW, in steady state, as shown in Figure 23b ,c. In accordance with Equation (12), the power of the DC-link capacitor changes its value with the variations of the power p cpv , which means that the power p g also varies, as p C bus is a disturbance in the control scheme shown in Figure 7 . The regulator R p g (s) changes the value of p g to the reference value with a transient response of 2 s, approximately, by modifying the reference value of the HESS power, p * st (as can be seen in Figure 23d for the time interval 400 s < t < 402 s). Furthermore, Figure 23d ,e shows that p * st and p st are almost identical, which means that the dynamics of the ESS can be neglected and can be approximated by unity. Figure 24 shows the behaviour of the control systems of the DC-DC converters associated to the batteries and the ultracapacitors (depicted in Figure 10a ,b, respectively). A larger time interval than that plotted in Figure 23 has been defined in order to show the dynamics of the filter H st (s). Figure 24a shows that the current reference of the batteries varies slowly. However, the value of the current reference of the ultracapacitors changes suddenly (as shown in Figure 24d ), in accordance with the scheme proposed in Figure 8 . Because the current controllers are designed in order to obtain closed-loop poles located at s 1 = s 2 = −1000 rad/s, the currents of the batteries are practically equal to its reference in the time interval employed (see Figure 24a,b) . The same conclusion is obtained when analysing the currents of the ultracapacitors and their reference value, as shown in Figure 24d ,e. Figure 24c shows the reference voltage for the DC-DC converter associated to the batteries; this reference voltage is very similar to the voltage of the battery in steady state, which can be seen in Figure 22a . Moreover, the reference voltage for the DC-DC converter associated to the ultracapacitor is equal to the voltage of the ultracapacitor in steady state, as shown in Figures 20a and 24f , because the current of the ultracapacitors is zero in steady state. The dynamic performance of the control scheme of the DC-link voltage and the grid-connected converter, plotted in Figure 11 , can be analysed in Figure 25 ; the reference voltage of the DC-link is always 750 V. Because the power p pv changes at t = 400 s, the voltage of the DC-link is also modified according to Equation (20) , as Figure 25b shows. The regulator R v C bus (s) changes the reference of the d-axis current, i * Figure 25 , as the parameters of the current controllers of the grid-connected converter have been designed using the same specifications as those of the control systems of the DC-DC converters associated to the batteries and the ultracapacitors. The reactive power reference is zero at t = 400 s, which implies that both the reference, i * g q , and the q component of the grid current, i g q , are zero, as shown in Figure 25e ,f. Finally, Figure 25g, 
Conclusions
The combined use of ultracapacitors and batteries is a very effective solution by which to satisfy the short-term energy storage requirements demanded by CPV systems. In this paper, the design of the control system of a 200 kW CPV power plant connected to the grid with a HESS has been presented. The integration of the different elements has been carried out by means of power electronic converters. The complete control system is split into various subsystems, namely, the control schemes of the batteries and the ultracapacitors, the controller of the voltage of the DC-link, and the controller for the grid-connected converter. Furthermore, an energy management system based on a closed-loop structure has been developed in order to inject a constant active power profile into the grid. Simulation results are provided by means of a case study implemented in PSCAD/EMTDC, which showed a very precise and independent control of the power flow in the different components. Furthermore, a decoupled control of the active and reactive powers injected into the grid has also been achieved. The overall performance of the CPV generation system is, therefore, enhanced by means of the integrated energy storage, thus providing an efficient solution that can easily be scaled.
